Our study evaluated the efficacy of strategic management alternatives designed to reduce the level of toxicity in urban runoff being discharged within the Newport Bay Watershed, in Orange County, California. We first identified the key pollutants responsible for the aquatic toxicity in freshwater and saltwater environments, which were determined to be two organophosphate (OP) pesticides, Diazinon and Chlorpyrifos. We traced the major contributors of these pesticides to a corresponding landuse and developed export rate coefficients for each pesticide over coarse landuse classes. Model-based predictions were then used to evaluate the persistence of these pollutants over an array of scenarios, simulating base-case, policy-related usage restrictions and management practices aimed at improving water quality. Our watershed modeling analysis established that after the phase-out Diazinon would persist in all stormflow events in exceedance of the numeric criteria for aquatic toxicity while Chlorpyrifos concentrations appeared to be more moderate with respect to the criterion limits. Based on the results of our cost-effective analysis, we recommend the installation of several infiltration basins in conjunction with supplemental public education programs as a means to reduce the OP pesticiderelated toxicity. In order to maintain and restore the ecological integrity of the Bay, we also recommend further usage restrictions on both pesticides throughout the watershed.
Introduction
Diazinon and Chlorpyrifos are two organophosphate (OP) pesticides that contribute significantly to aquatic toxicity in many Southern California freshwater and saltwater environments, and in particular have been identified as important sources of toxicity in Newport Bay (Lee and Taylor, 1999 , SA RWQCB, 2001 ). In 1993, Orange County completed the "Newport Bay Watershed Toxicity Study," which found that heavy metals were not the main causes of toxicity as initially expected. The Toxicity Identification Evaluation section of the Orange County study identified Diazinon and Chlorpyrifos as responsible for approximately 50% of the toxicity in Newport Bay and San Diego Creek (SA RWQCB, 2001) .
For this reason, in January 2001, the EPA released a revised risk assessment and an agreement with registered users to phase-out most of the Diazinon uses (USEPA, 2001) . Under the agreement, all indoor uses will be terminated, and all outdoor nonagricultural uses will be phased out over the next few years. Retail sales will be banned after December 31, 2002. The EPA expects that these actions will reduce the current residential Diazinon loading from residential users by approximately 75% of current conditions. Additionally 1/3 of agricultural uses of Diazinon will be eliminated. The EPA has also decided to restrict the residential use of Chlorpyrifos by the public because of its potential cumulative toxicity to humans, especially children. The usage of Chlorpyrifos has been restricted as of June 2000, by an agreement between registered users and the EPA. While over-the-counter sales will be restricted, use of Chlorpyrifos for non-structural wood treatment and fire ant eradication will continue by professional users. The EPA has estimated that the phase-out will reduce current concentrations by around 50% (USEPA, 2000) . These estimates incorporate assumptions of residual uses.
However, there could be a significant OP pesticide load from the remaining uses, which might still be high enough to be of concern in many watersheds. Our analysis focused on Newport Bay due to the availability of data and the documented toxicity due to these widely used pesticides. The use of Diazinon and Chlorpyrifos in Newport Bay had been increasing over the last few years, and although non-permitted residential uses are the major load, the potential load from uses that will not be phased out could be significant, resulting in some uncertainty with regards to effectiveness of the phase out.
Approach
To determine the effectiveness of the phase-out, we implemented two watershedscale biogeochemical models (HSPF/BASINS and WARMF). These models also allowed us to evaluate a number of potential Best Management Practices (BMPs), to determine their overall effect on OP pesticide load reduction to Newport Bay. The models consider the applicable fate and transport process for the pesticides (Figure 1 ). Given their physicochemical properties, sediment transport from the land uses where the pesticides are applied to the receiving water bodies was considered.
These models consider landuse, topography, soils, surface perviousness, meteorology, pollutant loading, surface and ground water transport, atmospheric deposition, degradation and other processes. The Newport Bay watershed is rather urbanized, which results in a significant export loading from the landuse surface to the receiving waterbodies (Figure 2) . The reduced infiltration of rainfall results in punctuated pulses of stormwater to the creeks in the watershed. The first flush effect is significant, since a significant fraction of the loading is during periods of little or no rain, allowing for accumulation of the OP pesticides on the land surfaces. Thus, the models have to be able to simulate variable loading over time, and consider the antecedent conditions before major storm events.
OP pesticide loading was obtained from the California Dept. of Pesticide Regulation (DPR). Tables 1 and 2 present a summary of loading per land use for Newport Bay. Structural use refers to fumigation of houses and other buildings, and is the dominant use in this area. Although this use will be restricted, it will not be phased out. 
Results and Discussion
The expected loading based on the land uses varies significantly both spatially ( Figure 3 ) and temporally (Figure 4) . Our watershed modeling analysis indicates that even after the partial phase-out Diazinon would persist in all stormflow events in exceedance of the numeric criteria for aquatic toxicity, while Chlorpyrifos concentrations would mostly fall within the generally accepted criteria for aquatic toxicity ( Figure 5 ). These results would be valid during a range of climatic scenarios, including very wet years and drier years. An important conclusion to be drawn from these model simulations is that the phase-out will be more effective at reducing the number of days above the criteria for Chlorpyrifos than Diazinon during storm flow events. Additionally, we determined that a complete reduction in urban Diazinon uses is necessary, and possibly reduce further agricultural use, to maintain the concentrations of Diazinon in Newport Bay below criteria levels.
The analysis of BMPs indicates that infiltration basins in conjunction with supplemental public education programs would be the most cost-effective solution to reducing OP pesticide-related toxicity. A preliminary estimate indicates that between $16-$34 million dollars would be required to implement the necessary number of infiltration basins to bring the concentrations of these OP pesticides below criteria levels. In addition, street sweeping could also be used as a means of removing particles from streets in anticipation of the first flush event in the Fall, at fairly low capital and operating cost. In order to maintain and restore the ecological integrity of the Bay, we also recommend further usage restrictions on both pesticides throughout the watershed.
These results provide scientific support for decision-making stakeholder groups interested in restoring and enhancing the beneficial uses in Newport Bay. Given the uncertainty surrounding the effectiveness of the pesticide phase-out and projected future concentrations, our project provided a means to make practical management decisions based on the best available scientific and economic data. Additional information at: J a n -9 7 F e b -9 7 M a r -9 7 A p r -9 7 M a y -9 7 J u n -9 7 J u l -9 7 A u g -9 7 S e p -9 7 O c t -9 7 N o v -9 7 D e c -9 7 Application (kg/ha) Urban Load Agricultural Load Figure 4 . Seasonal Chlorpyrifos Application Rates. Source: DPR (1998) F Fi ig gu ur re e 5 5: : E Ex xp pe ec ct te ed d r re el la at ti iv ve e e ef ff fe ec ct ti iv ve en ne es ss s o of f E EP PA A P Ph ha as se e--o ou ut t f fo or r O OP P p pe es st ti ic ci id de es s. .
